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Abstract
We show that in theories in which supersymmetry breaking is communicated by renor-
malizable perturbative interactions, it is possible to extract the soft terms for the observ-
able fields from wave-function renormalization. Therefore all the information about soft
terms can be obtained from anomalous dimensions and β functions, with no need to fur-
ther compute any Feynman diagram. This method greatly simplifies calculations which
are rather involved if performed in terms of component fields. For illustrative purposes we
reproduce known results of theories with gauge-mediated supersymmetry breaking. We
then use our method to obtain new results of phenomenological importance. We calcu-
late the next-to-leading correction to the Higgs mass parameters, the two-loop soft terms
induced by messenger-matter superpotential couplings, and the soft terms generated by
messengers belonging to vector supermultiplets.
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1 Introduction
Theories in which supersymmetry breaking is mediated by renormalizable perturbative inter-
actions have an interesting advantage over the gravity-mediated scenario. This is because in
these theories the soft terms are in priciple calculable quantities, very much like g− 2 in QED.
Gauge-mediated models [1, 2], in particular, have also a strong motivation as they elegantly
solve the supersymmetric flavour problem. In the simplest version of these theories, the gaugino
and sfermion masses arise respectively from one- and two-loop finite diagrams. Their evalu-
ation, while conceptually straightforward, takes in practice some effort. With the increasing
number of non-minimal examples it would certainly be very useful to have a quick and reliable
method to evaluate soft masses. When scanning through models it is important to know right
away if the predicted masses are phenomenologically consistent and whether there are any in-
teresting predictions. It is the purpose of this paper to develop one such technique and to apply
it to a number of interesting cases. These include theories in which gauge as well as Yukawa
interactions mediate soft masses and also theories in which the messengers are massive gauge
supermultiplets.
We will be interested in the case in which the breaking of supersymmetry and the scale of
its mediation to the observable sector are completely determined by the scalar and auxiliary
component vacuum expectation values (VEV) of a chiral superfield 〈X〉 =M+θ2F . In the case
of conventional gauge mediation X gives mass to the messengers via the superpotential coupling
XΦΦ¯. Moreover we are interested in the regime F ≪M2 for which, in the effective field theory
below the messenger scaleM , supersymmetry is broken only by soft effects. This allows us to use
a manifestly supersymmetric formalism to keep track of supersymmetry-breaking effects as well.
Due to the non-renormalization of the superpotential, the gaugino and sfermion masses arise
just from X-dependent renormalizations of respectively the gauge and matter kinetic terms,
i.e. from the gauge charge g2 and matter wave-function renormalizations Zi. In the presence
of only one spurion X , the kinetic functions can be obtained by calculating first g2 and Zi in
the supersymmetric limit in which X = M is just a c-number mass, and by substituting later
M with the superfield X . This is the crucial point of our paper. The g2(M,µ) and Zi(M,µ)
renormalized at a scale µ ≪ M are simply evaluated by solving the Renormalization Group
(RG) equations. At the end, the substitution M → X in g2 is made since this quantity, at least
at one-loop, has to be holomorphic. On the other hand, the only substitution in Zi consistent
with the chiral reparametrization X → eiφX is given by M →
√
XX†. As it will be shown
below, a very interesting advantage of this method is that the two-loop sfermion masses of
gauge mediation are determined only by the one-loop RG equations.
This paper is organized as follows. Section 2 contains the essence of our paper. There
we describe our method, its regime of validity, and give the general formulae relating the
supersymmetry-breaking terms to X-derivatives of wave-function renormalizations. For illus-
tration, we reproduce the known soft terms of gauge-mediated theories. Later sections are
devoted to some applications of phenomenological interest. In sect. 3 we compute the next-to-
leading corrections to the Higgs mass parameters, while soft terms induced by superpotential
couplings between messengers and matter are studied in sect. 4. The case of messengers be-
longing to vector supermultiplet is discussed in sect. 5, and sect. 6 contains a summary of our
results.
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2 The Method and its Application to Gauge Mediation
In this section we will derive the general formulae which relate the soft terms to X-derivatives
of wave-function renormalizations. In our formulation X is a background superfield which has
both a scalar and an auxiliary VEV, 〈X〉 = M + θ2F . Here M determines the mass scale
of the messenger fields which communicate supersymmetry-breaking to the observable fields.
For instance, in gauge-mediated theories, the messenger sector consists of N pairs of chiral
superfields Φ, Φ¯ getting mass from the superpotential interaction to X
∫
d2θXΦΦ¯ . (1)
The gaugino mass renormalized at a scale µ is determined by the X-dependendent wave
function S of the gauge multiplet,
L =
∫
d2θSW aαW aα + h.c. (2)
Here a and α are gauge and spinorial indices, respectively. At the one-loop order, to which we
are now interested, S is a holomorphic function S(X, µ). Then at the minimum 〈X〉 =M+θ2F ,
we obtain that the supersymmetry-breaking gaugino mass is given by
M˜g(µ) = −1
2
∂ lnS(X, µ)
∂ lnX
∣∣∣∣∣
X=M
F
M
. (3)
The S functional dependence on the Goldstino superfield X can be obtained by observing that
the scalar component of S is
S(M,µ) =
α(M,µ)−1
16π
− iΘ
32π2
, (4)
where α is the gauge-coupling strength and Θ the topological vacuum angle. Now, the function
α(M,µ) is determined by integrating the RG evolution from an ultraviolet scale ΛUV down to
µ across the messenger threshold M . The one-loop RG equation is
d
dt
α−1 =
b
2π
, (5)
where t = lnµ and b is the β-function coefficient, given by b = 3Nc −Nf in an SU(Nc) gauge
theories with Nf flavours. Above the scale M , the N messenger superfields transforming as
Nc + N¯c under SU(Nc) contribute to the gauge running and the β-function coefficient is
b′ = b−N , (6)
if b is the coefficient below M . By using tree level matching and one-loop running one gets
Re S(M,µ) =
α−1(M,µ)
16π
=
α−1(ΛUV )
16π
+
b′
32π2
ln
|M |
ΛUV
+
b
32π2
ln
µ
|M | . (7)
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This expression and the requirement of holomorphy fix S(X, µ) to have the form
S(X, µ) = S(ΛUV ) +
b′
32π2
ln
X
ΛUV
+
b
32π2
ln
µ
X
. (8)
Notice that the above equation reproduces also the renormalization Θ→ Θ+(b− b′)arg(X) as
dictated by the chiral anomaly. By differentiating eq. (8) with respect to lnX keeping S(ΛUV )
fixed, we can express the gaugino mass in eq. (3) as
M˜g(µ) =
α(µ)
4π
N
F
M
. (9)
This is the familiar expression obtained by explicit loop integration. Notice that it already
contains its one-loop RG evolution.
We now turn to discuss the supersymmetry-breaking terms for the matter fields. Let ZQ be
the wave-function renormalization of the chiral superfield Q
L =
∫
d4θZQ(X,X
†) Q†Q . (10)
In contrast to the case of the gauge multiplet, here we are dealing with the renormalization of
a D-term and therefore ZQ is a real function of both X and X
†. Replacing the superfield-X
VEV in eq. (10), we find
L =
∫
d4θ
(
ZQ +
∂ZQ
∂X
Fθ2 +
∂ZQ
∂X†
F †θ¯2 +
∂2ZQ
∂X∂X†
FF †θ2θ¯2
)∣∣∣∣∣
X=M
Q†Q . (11)
It is useful to define a new variable Q′ with canonically normalized kinetic terms,
Q′ ≡ Z
1
2
Q
(
1 +
∂ lnZQ
∂X
Fθ2
)∣∣∣∣∣
X=M
Q ≡ ZQ. (12)
Expressing eq. (11) in terms of Q′, we find that linear terms in F disappear, and we are left with
a quadratic term corresponding to a supersymmetry-breaking mass for the scalar component
of the chiral multiplet
m˜2Q(µ) = −
∂2 lnZQ(X,X
†, µ)
∂ lnX ∂ lnX†
∣∣∣∣∣
X=M
FF †
MM †
. (13)
The derivatives in eq. (13) are computed keeping the couplings at ΛUV fixed. Again we have
made explicit the dependence on the renormalization scale µ. The redefinition of the chiral
superfield Q in eq. (12) however does not leave the superpotential invariant, and in particular
it gives rise to A-type supersymmetry-breaking terms proportional to F . Considering a super-
potential W (Q) with the fields Qi redefined by Q
′
i = ZiQi, we obtain an A-type contribution
to the scalar potential
V =
∑
i
AiQi∂QiW (Q) + h.c. (14)
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involving the scalar components of the corresponding superfields, where
Ai(µ) =
∂ lnZQi(X,X
†, µ)
∂ lnX
∣∣∣∣∣
X=M
F
M
. (15)
Notice that eq. (15) corresponds to the coefficients Ai defined in eq. (14) whenW (Q) is expressed
in terms of renormalized fields and running coupling constants at the scale µ.
Let us now obtain ZQ(X,X
†) from RG evolution. The crucial remark is that ZQ must be a
function of the product XX†. This is due to invariance under the chiral symmetry X → eiϕX ,
Φ¯Φ → e−iϕΦ¯Φ. This symmetry is anomalous, but this has no effect in perturbation theory as
the anomaly only affects the Θ angle, as seen in eq. (8). It is then straightforward to solve
the RG evolution for the c-number ZQ(M,µ) and substitute M →
√
XX† at the end of the
calculation. Now, ZQ will just be a power series in LΛ = ln(µ
2/Λ2UV ) and LX = ln(µ
2/XX†).
This property has a very important consequence that greatly simplifies the calculation of soft
masses. The contribution to the wave-function renormalization at the loop order ℓ can be
written as
lnZQ(X,X
†, µ) = αℓ−1UV Pℓ(αUVLX , αUV LΛ) , (16)
where αUV = α(ΛUV ) and Pℓ ia s function computed by integrating the RG equations. Using
eq. (13), we see that the corresponding contribution to the soft scalar mass is
m˜2Q(µ) = α(µ)
ℓ+1P˜ℓ (α(µ)LX) , (17)
where the dependence on ΛUV disappears because of the invariance under the RG, and P˜ℓ is a
function related to the second derivative of Pℓ. Therefore it is sufficient to use the RG at the
order ℓ = 1 to obtain the α2 contribution to soft masses. We conclude that, while sfermion
masses arise from finite two loop diagrams, they can be extracted just by using the one-loop
anomalous dimensions. Soft masses are generated from loop momenta of the order of the
threshold M , but can be reconstructed from the behaviour of wave-function renormalization
far away from threshold (RG evolution).
Let us now derive the well-known results for gauge-mediated soft terms in the scalar sector
by using our technique. The one-loop RG equation for the wave-function renormalization of a
chiral superfield is
d
dt
lnZQ =
c
π
α . (18)
Here c is the quadratic Casimir of the Q gauge representation (c = (N2−1)/(2N) for an SU(N)
fundamental). The function ZQ(M,µ) is determined by integrating eq. (18) from the ultraviolet
scale ΛUV down to µ with tree-level matching at the intermediate threshold M . Substituting
M →
√
XX† we get
ZQ(X,X
†, µ) = ZQ(ΛUV )
[
α(ΛUV )
α(X)
] 2c
b′
[
α(X)
α(µ)
] 2c
b
, (19)
where the X dependence of α(µ) and α(X) is given by
α−1(µ) = 16π Re S(µ) = α−1(X) +
b
4π
ln
µ2
XX†
, (20)
5
α−1(X) = 16π Re S(X) = α−1(ΛUV ) +
b′
4π
ln
XX†
Λ2UV
. (21)
Notice that S(X, µ) is chiral, as required by supersymmetry, while α, proportional to the real
part of S(X, µ), is not. Using eq. (13) and performing the derivatives in X while keeping the
ultraviolet parameters ZQ(ΛUV ) and α(ΛUV ) fixed, it is easy to obtain the supersymmetry-
breaking masses and trilinear terms,
m˜2Q(µ) = 2c
α2(µ)
(4π)2
N
[
ξ2 +
N
b
(1− ξ2)
] (
F
M
)2
, (22)
Ai(µ) =
2ci
b
α(µ)
4π
N(ξ − 1) F
M
, (23)
ξ ≡ α(M)
α(µ)
=
[
1 +
b
2π
α(µ) ln
M
µ
]−1
. (24)
If the superfield Q is charged under different gauge groups, eqs. (22) and (23) are generalized by
summing over the different gauge coupling constants. We have recovered the familiar formulae
for the soft terms in theories with gauge-mediated supersymmetry breaking, including the
leading-log effect in the renormalization from the messenger scale M to the low energy scale
µ. In particular, all Ai vanish at µ =M (ξ = 1), but at low-energies acquire a renormalization
proportional to the gaugino mass.
A few comments are in order at this point. First of all, our results represent the lowest
order contribution to soft terms in an expansion in powers of y = F/M2. The higher-order
terms correspond to higher-derivative interactions in the gauge and matter effective kinetic
terms. Indeed the expansion parameter is given by y = D2(1/X) where D2 is the superspace
covariant derivative squared. These higher-derivative interactions are genuinely finite effects
and cannot be reconstructed with our RG technique. This is not surprising as our method
crucially relies on the approximate supersymmetry of the low-energy effective Lagrangian and,
for F ∼ M2, the messenger spectrum badly violates supersymmetry. Our technique is however
very useful as in a vast class of interesting models one has y ≪ 1. Indeed, as shown by the
explicit calculations of refs. [3, 4], the asymptotic formulae derived at y = 0 are reached very
quickly, so that already for F/M2 ∼ 0.3 our approximation is extremely good. This is true also
because the expansion parameter is actually y2.
Our method as described above crucially relies on the possibility of substituting unambigu-
ously M with X or
√
XX†. For one-loop RG evolution this surely poses no problem. The
question however arises when considering the evolution of S beyond one-loop. This is because
in any practical regularization scheme like DRED, S ceases being holomorphic in X as soon as
two-loop evolution is considered. For instance, at two-loops, in the expansion for α−1(M,µ),
there appear lnn(M/µ) terms with n > 1. Thus the analytic continuation M → X is no longer
unambiguous. These higher-order effects are absent in the Wilsonian β function, for which
holomorphy is explicitly manifest to all orders in perturbation theory [5]. On the other hand,
for practical purposes, one needs the full gauge propagator and holomorphy has to be aban-
doned. The correct prescription, as discussed in ref. [6], is motivated by the all-order formula
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for α−1(µ). For instance in an abelian gauge theory this is given by [7]
α−1(M,µ) = α−1(ΛUV ) +
b
2π
ln
µ
M
+
b′
2π
ln
M
ΛUV
− 1
2π
∑
i
Ti lnZi(M,µ) , (25)
where i runs over the light matter fields and Ti are the Dynkin indices. The lnZi can be
interpreted as originating from a non-holomorphic rescaling of the matter fields via the Konishi
anomaly [8]. The rescaling, albeit non holomorphic, must be supersymmetric: a chiral superfield
must be rescaled with a chiral background wave function. This is precisely what eq. (12) does.
The right prescription to promote α to a superfield is then to substitute Z with Z†Z, so that
the complex version of eq. (25) becomes
S(X, µ) = S(ΛUV ) +
b
32π2
ln
µ
X
+
b′
32π2
ln
X
ΛUV
− 1
32π2
∑
i
Ti lnZi(M,µ). (26)
In the course of this paper we will only be concerned with quantities for which the one-loop
gauge β function suffices, so that we will not get involved into these subtleties. The only
quantities which we study to the next-to-leading accuracy are the Higgs mass parameters for
which the two-loop RG evolution occurs only in the matter wave-function.
3 Higgs Mass Parameters at the Next-to-Leading Order
In the previous section we have computed the supersymmetry-breaking terms induced by gauge
couplings. Neglecting the Yukawa couplings is usually a good approximation in all practical
cases, aside from the Higgs mass parameters. The large top-quark Yukawa coupling induces a
three-loop contribution to the hypercharge +1 Higgs mass parameter m2H ∼ αtα2s/π3×F 2/M2,
which is of the same order of magnitude of the two-loop weak contribution m2H ∼ α2W/π2 ×
F 2/M2. Moreover, this top-quark Yukawa contribution plays a key roˆle in the phenomenology
of gauge mediation, since it drives m2H negative, triggering electroweak-symmetry breaking.
This contribution is known in the leading-log approximation and we will reproduce it here
using our method. However, in realistic gauge-mediation models, the logarithm of the ratio
between the messenger and squark masses ln(M/m˜Q) >∼ ln(2π/αs) can be as small as 4, and
therefore the subleading constant term is not necessarily insignificant. The computation of this
term requires to go beyond the leading-log approximation, and it has not been done in previous
literature; we will present it in this section. This example will illustrate how our method can
be simply used to perform computations which are exceedingly involved if viewed in terms of
Feynman diagrams of component fields.
Let us start with the leading-log calculation. For simplicity we will consider only top-quark
Yukawa and QCD effects, but the inclusion of electroweak effects is straightforward and gives
rise to well-known results. At the one-loop level, the relevant RG equation for the hypercharge
+1 Higgs wave-function renormalization is
d
dt
lnZH = − 3
2π
αt . (27)
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The RG equation for the top-quark Yukawa coupling, αt = h
2
top/(4π), is
d
dt
αt =
αt
π
(
3αt − 8
3
αs
)
, (28)
while the RG equation for the QCD gauge couplings αs is given in eq. (5), with b = 3 below
the messenger scale M and b′ = 3 − N above M . Notice that we are actually calculating the
evolution of wave functions and that, at any energy scale µ, αt = αt(ΛUV )Z
−1
QL
Z−1
U¯R
Z−1H . The use
of αt is a convenient way to describe the evolution of the product of wave functions ZQLZU¯RZH .
The solution of eq. (27) is
ZH(X,X
†, µ) = ZH(ΛUV )
[
αt(ΛUV )
αt(µ)
] 1
2
[
αs(ΛUV )
αs(X)
]− 8
3b′
[
αs(X)
αs(µ)
]− 8
3b
, (29)
where the expressions for αs(µ) and αs(X) are given in eqs. (20)–(21), and
αt(µ) =
αt(X)E
1− 3
π
αt(X)F
, (30)
αt(X) =
αt(ΛUV )E
′
1− 3
π
αt(ΛUV )F ′
, (31)
E ≡
[
αs(µ)
αs(X)
] 16
3b
, F ≡ 2π
16
3
− b
[
α−1s (X)− α−1s (µ)E
]
, (32)
E ′ ≡
[
αs(X)
αs(ΛUV )
] 16
3b′
, F ′ ≡ 2π
16
3
− b′
[
α−1s (ΛUV )− α−1s (X)E ′
]
. (33)
Using the general formula in eq. (13), we can express the top-quark Yukawa contribution
to m2H as
m2H(µ) =
αt(µ)
π2
N (1− ξ)
{
N(1− ξ)
[
αt(µ)
8
(1− I)2 − αs(µ)
9
]
− αs(µ)
3
ξI
} (
F
M
)2
, (34)
ξ ≡ αs(M)
αs(µ)
=
[
1 +
3
2π
αs(µ) ln
M
µ
]−1
, (35)
I ≡ 9
7
(1− ξ 79 )ξ
(1− ξ) . (36)
If the logarithm ln(M/µ) is not too large, it is convenient to expand eq. (34) and obtain the
three-loop contribution in the leading-log approximation:
m2H(µ) = −
αt(µ)α
2
s(µ)
2π3
N
(
ln
M
µ
) (
F
M
)2
. (37)
This is the known negative contribution to the Higgs mass squared parameter which leads to
electroweak-symmetry breaking. In the following we will compute the three-loop αtα
2
s term
with no logs.
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Before proceeding to the next-to-leading order calculation, we remark that, for gauge-
mediated models in which the Higgs mixing mass µH is a hard parameter
2 (i.e. µH is not
generated by loops involving messenger fields), then eq. (29) also provides the expression of the
bilinear parameter B at low energies. From eqs. (14) and (15), we find
B(µ) =
αt(µ)
4π
N (1− ξ)(1− I) F
M
, (38)
which, expanded to the two-loop level, becomes
B(µ) =
αt(µ)α
2
s(µ)
2π3
N
(
ln2
M
µ
)
F
M
. (39)
If the mechanism responsible for generating the µH term also gives a contribution to B, this
should be added to eqs. (38) and (39).
Let us now turn to the next-to-leading order calculation. We are interested in the subleading
contribution to the term O(αtα2s), i.e. the term suppressed by 1/ ln(M/µ) with respect to
eqs. (37) and (39). For this purpose it is sufficient to retain only the O(αtαs) term in the RG
equation for ZH , the O(αtα2s) term in the equation for αt, and use the RG equation for αs at
the leading order, eq. (5). In the DR scheme, the relevant RG equations are [9]
d
dt
lnZH = − 3
2π
αt − 2
π2
αtαs , (40)
d
dt
αt =
αt
π
(
3αt − 8
3
αs
)
− 2d
π2
αtα
2
s , (41)
In eq. (41), d = 1/9 below the messenger scale M and d = (1 − 3N)/9 above M . Expanding
at the three-loop level the solution to the differential equation (40), we obtain
ln
ZH(X,X
†, µ)
ZH(ΛUV )
=
αt(µ)α
2
s(µ)
(2π)3
N
[
1
3
ln3
(
XX†
µ2
)
+ 2 ln2
(
XX†
µ2
)]
+ f [ln(ΛUV /µ)] . (42)
Here f is a function of ln(ΛUV /µ) and it is independent of X . The log
2 term in eq. (42)
represents the subleading correction. Calculation of the linear-log term (which contributes to
B, but not to m2H) would require knowledge of the next order in perturbation theory for the β
functions and the anomalous dimensions. From eqs. (13) and (15), we obtain
m2H(µ) = −
αt(µ)α
2
s(µ)
2π3
N
(
ln
M
µ
+ 1
) (
F
M
)2
. (43)
B(µ) =
αt(µ)α
2
s(µ)
2π3
N
(
ln2
M
µ
+ 2 ln
M
µ
)
F
M
. (44)
To complete the next-to-leading order calculation we have to include the matching conditions
at the ultraviolet scale M and the infrared scale µ. Notice that even though we only need to
2In order not to generate confusion between the renormalization scale and the Higgs mixing mass parameter,
we have chosen to denote the latter by µH , instead of the usual symbol µ.
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evolve αs at one-loop, it is crucial to correctly match αs at the next-to-leading order in the
chosen scheme. In the DR scheme, the matching of the running gauge coupling constant for
thresholds of heavy scalars and fermions has to be done at a scale equal to the mass of the
heavy particles [10]. Therefore in eqs. (43)–(44) we identify M with the physical mass of the
messenger fields. To determine the infrared matching, one has to include the one-loop effective
potential which cancels the µ dependence at the appropriate order in perturbation theory.
This can be seen explicitly by expanding the effective potential in powers of ratios between the
Higgs fields H , H¯ and the supersymmetry-breaking stop mass m˜t, see eq. (22). This is a good
approximation since, in realistic models, the stop turns out to be rather heavy. In the DR
scheme, we find
V1−loop =
1
64π2
STrM4
(
ln
M2
µ2
− 3
2
)
≃
≃ 3αt(µ)
2π
[
|At(µ)H − µHH¯†|2 ln m˜t(µ)
µ
+ |H|2m˜t(µ)2
(
2 ln
m˜t(µ)
µ
− 1
)]
. (45)
Here At is the coefficient of the supersymmetry-breaking trilinear interaction for the stop, and
µH is the supersymmetric Higgs mixing mass. Therefore V1−loop gives an effective contribution
to the soft-breaking parameters
δm2H =
3αt(µ)
2π
[
A2t (µ) ln
m˜t(µ)
µ
+ m˜2t (µ)
(
2 ln
m˜t(µ)
µ
− 1
)]
≃
≃ αt(µ)α
2
s(µ)
2π3
N
(
ln
m˜t(µ)
µ
− 1
2
) (
F
M
)2
, (46)
δB = −3αt(µ)
2π
At(µ) ln
m˜t(µ)
µ
≃ αt(µ)α
2
s(µ)
π3
N ln
m˜t(µ)
µ
ln
M
µ
F
M
. (47)
The right-hand sides of eqs. (46)–(47) are obtained by retaining only the genuine three-loop
effects. These contributions can be reabsorbed in the definition of effective supersymmetry-
breaking parameters. By adding eqs. (46)–(47) to eqs. (43)–(44) we obtain that the effective
values of the supersymmetry-breaking parameters are
m2Heff = −
αt(m˜t)α
2
s(m˜t)
2π3
N
(
ln
M
m˜t
+
3
2
) (
F
M
)2
. (48)
Beff =
αt(m˜t)α
2
s(m˜t)
2π3
N
(
ln2
M
m˜t
+ 2 ln
M
m˜t
)
F
M
. (49)
The result in eq. (49) agrees with the explicit two-loop calculation of the component-field
Feynman diagrams presented in eqs. (27) and (29) of ref. [11]. The next-to-leading correction
tom2H , which has been calculated here for the first time, can be as large as 30%. This modifies by
the same amount the extraction of the µ2H parameter from the electroweak-breaking condition
and consequently the physical mass spectrum of charginos and neutralinos.
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4 Superpotential Couplings betweenMessengers andMat-
ter
Models with gauge-mediated supersymmetry breaking usually assume that messengers and or-
dinary matter do not couple directly in the superpotential. This is to avoid any new source
of flavour breaking, which is, after all, the primary motivation for these models. However,
SU(3)× SU(2)× U(1) gauge invariance alone does not forbid such couplings. Actually super-
potential interactions involving messenger and Higgs superfields were considered in ref. [12],
while interactions between messengers and quarks or leptons were studied in ref. [13]. It
was shown [12, 13] that these couplings do not induce at the leading order in F/M one-loop
supersymmetry-breaking masses for the scalar components of the matter superfields. This
property was explained in ref. [14] using superfield language. In this section we will give the
general expression for supersymmetry-breaking terms induced by messenger-matter couplings,
including the two-loop soft masses for the scalar components of chiral superfields.
We will consider a coupling in the superpotential between one matter and two messenger
superfields, λQΦ1Φ2, or between two matter and one messenger superfields, λQ1Q2Φ. The
formulae we present are the same in both cases. For simplicity we assume that all super-
fields are charged under a simple gauge group. The generalization to gauge groups made of
direct products of simple groups is straightforward. The RG equations for the wave-function
renormalization of the matter superfield Qi is
d
dt
lnZQi =
1
π
(
ciα− di
2
αλ
)
, (50)
with αλ ≡ λ2/(4π). Here ci is the quadratic Casimir of the Qi gauge representation and di is
the number of fields circulating in the Yukawa loop. For instance, if the λ interaction involves
a fundamental, an anti-fundamental, and a singlet of SU(N), then di = 1 or N if Qi is a
fundamental or a singlet, respectively. The RG equation for the gauge coupling constant is
given in eq. (5) and the one for αλ is
d
dt
αλ =
αλ
π
(
D
2
αλ − Cα
)
. (51)
Here C =
∑
i ci, D =
∑
i di with the sum extended to all superfields participating to the λ
interaction. The solution to eq. (50) is
ZQi(X,X
†, µ) = ZQi(ΛUV )ZGM(X,X
†, µ)Zλ(X,X
†, µ) (52)
ZGM(X,X
†, µ) ≡
[
α(ΛUV )
α(X)
] 2ci
b′
[
α(X)
α(µ)
] 2ci
b
, (53)
Zλ(X,X
†, µ) ≡
[
αλ(ΛUV )
αλ(X)
] di
D
[
α(ΛUV )
α(X)
]− 2Cdi
Db′
, (54)
αλ(X) =
αλ(ΛUV )E
′
1− D
2π
αλ(ΛUV )F ′
, (55)
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E ′ ≡
[
α(X)
α(ΛUV )
] 2C
b′
, F ′ ≡ 2π
2C − b′
[
α−1(ΛUV )− α−1(X)E ′
]
. (56)
The factor ZGM is the usual contribution from gauge mediation, while Zλ is the new contribution
from the λ interaction. Notice that Zλ is independent of µ (for µ < M) since the λ interaction is
not present in the effective theory with messenger fields integrated out. The soft terms (which
originate from differentiating the logarithm of Z) are given by the sum of the gauge-mediated
contribution, given in eqs. (22)–(23), and a genuine new contribution given by
δm˜2Qi(µ) =
di
8π2
αλ(M)
[
D
2
αλ(M)− Cα(M)
] (
F
M
)2
, (57)
δAi(µ) = − di
4π
αλ(M)
F
M
. (58)
As expected, supersymmetry-breaking masses vanish at one loop at the leading order in
F/M2. The one-loop contribution proportional to (αλ/4π)(F
4/M6) computed in ref. [13] is
smaller than the two-loop expression shown in eq. (57), as long as F/M2 <∼
√
αs/(4π). In con-
trast to the case of gauge mediation, A terms are generated at one loop, see eq. (58). Therefore,
if superpotential matter-messenger interactions exist, their contribution to supersymmetry-
breaking parameters can substantially modify the physical spectrum of new particles.
The superpotential λ interactions can find an interesting application in the generation of
the Higgs-mixing µH parameter. It is known [12] that gauge-mediation models have difficulties
in generating dynamically the µH term. In particular, the introduction of a singlet superfield N
with superpotential couplingsW = NHH¯+N3 does not easily solve the problem because, at the
messenger scale M , all supersymmetry-breaking terms involving N vanish at the leading order.
A negative mass squared for the N scalar component and trilinear couplings are generated by
the RG evolution to the weak scale, but these parameters turn out to be too small to insure
a correct symmetry-breaking pattern and an acceptable mass spectrum. A possible solution
invoked in ref. [2] is to introduce new light particles which increase the renormalization effects.
The results shown in this section open a different possibility. Suppose N interacts with the
messenger fields Φ, Φ¯ with a superpotential coupling
W = λNΦ¯Φ . (59)
Now the scalar component of N gets a two-loop negative mass squared proportional to αλαs,
see eq. (57), where αs is the QCD coupling constant. Moreover supersymmetry-breaking tri-
linear terms involving the scalar field N are generated at one loop. The electroweak-breaking
conditions can now be much more easily satisfied. Notice however that the superfield N has
the same quantum numbers as the Goldstino superfield X , and therefore the wave-function
renormalization mixes these two superfields generating a term
∫
d4θX†N . After supersymme-
try breaking this term leads to a tadpole for FN larger than the electroweak scale. This can be
avoided by extending the messenger sector in such a way that N and X carry different quantum
numbers under some new symmetry. A simple example is the case of two messenger flavours
with superpotential
W = X(Φ¯1Φ1 + Φ¯2Φ2) +NΦ¯1Φ2 . (60)
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The theory has a discrete Z3 symmetry under which all chiral supefields (including Higgs and
matter) have charge 1/3, but for Φ1 and Φ¯2 which have charges -1/3 and for X which is neutral.
This symmetry, broken only at the weak scale, distinguishes between X and N . Finally we just
remark that a different possibility is using an interaction of the form λNHΦ¯ instead of eq. (59).
We have not investigated if this can lead to a successful mechanism of electroweak breaking.
5 Gauge Messengers
So far we have considered the most familiar case in which the messenger particles belong to
chiral superfields. However it is also possible that gauge supermultiplets behave as messengers.
We are envisaging a situation in which the supersymmetry-breaking VEV is also responsible
for spontaneous breaking of some gauge symmetry containing the Standard Model (SM) as
a subgroup. The vector bosons corresponding to the broken generators, together with their
supersymmetric partners, receive masses proportional toM . However supersymmetry-breaking
effects proportional to F split the gauge supermultiplets at tree level and consequently soft terms
for observable fields are generated by quantum effects. In this section we will compute these
terms. We will show that our method enormously simplifies a calculation which is complicated if
performed by evaluating component-field Feynman diagrams. But this is not merely an exercise
to show the power of our method. We will find that the contribution from gauge messengers,
which have never been calculated before, are of the same order as those from chiral messengers
and therefore can significantly modify the phenomenology of certain classes of models. For
instance, this happens in models based on Witten’s inverse hierarchy [15] or in more recent
proposals that combine the inverse hierarchy with dynamical supersymmetry breaking [16, 14].
Let us first consider the case in which 〈X〉 spontaneously breaks the gauge group G → H ,
in such a way that the gauge coupling constant is continuous at the threshold. The calculation
of the soft term generated by gauge interactions is completely analogous to the one presented
in sect. 2 for chiral messengers, and gives
M˜g(µ) =
α(µ)
4π
N
F
M
, (61)
m˜2Q(µ) = 2c
α2(µ)
(4π)2
N
{
ξ2
[
1 + r
(
N
b
− 1
)]
+
N
b
(1− ξ2)
} (
F
M
)2
, (62)
Ai(µ) =
2ci
b
α(µ)
4π
N(ξ − 1− rξ) F
M
. (63)
Here N is the generalization of the messenger index, defined as the difference between the
low-energy (H) and high-energy (G) β-function coefficients:
N = b− b′ = Nf − 2(CG − CH) . (64)
For chiral messengers, this is just the number of flavours of heavy multiplets Nf . In the
case of gauge messengers, one has to add the contribution of heavy gauge bosons, equal to
−3(CG − CH), and the contribution of the would-be Goldstone bosons, equal to (CG − CH).
Here CG is the quadratic Casimir of the adjoint representation of G, equal to N for an SU(N)
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group. Therefore, the pure gauge-messenger effect is to reduce the value of N , and allow also
negative values of the total N . In eqs. (62)–(63), the coefficient r is defined as
r =
c′
c
− 1
b′
b
− 1 , (65)
where c and c′ are the quadratic Casimirs of the matter gauge representations of the groups H
and G, respectively. Notice that the trilinear terms Ai are non-vanishing even at the messenger
scale (ξ = 1). Moreover, the scalar squared masses m˜2Q have a negative boundary condition at
the messenger scale whenever b′(2− c′/c) > b.
Before discussing phenomenological applications, we believe it is useful to understand our
results in terms of component fields. To follow the same procedure used in the case of chiral
messengers, we first have to determine the tree-level mass splittings inside the gauge messenger
supermultiplets, and then study how this is tranferred to the observable sector at the quantum
level. The messenger mass spectrum can be derived from the kinetic terms
L =
∫
d4θX†eVX +
(∫
d2θ
1
4g2
W aαW aα + h.c.
)
. (66)
Instead of the usual Wess-Zumino gauge, it is more convenient to use a unitary gauge for the
vector superfield, which eliminates the would-be Goldstone boson chiral multiplets from the
superfield X . In this gauge, the vector superfield V contains a vector boson vµ, two Weyl
fermions λ and χ, a real scalar C, one real and one complex auxiliary fields D and N (we
follow the conventions of ref. [17] and suppress the gauge index a). In order to have canonical
kinetic terms and canonical field dimensions, we do the rescaling (λ, vµ, D) → g(λ, vµ, D) and
(C, χ,N) → M(C, χ,N), where g is the gauge coupling constant and M is the VEV of the
scalar component of the Goldstino superfield. Expanding eq. (66) in field bilinears, we find the
usual kinetic terms for all propagating fields and the mass terms
L = 1
2
(gM)2vµvµ +
1
2
D2 +
1
2
N †N + gMCD − gM(χλ + h.c.) +
+
F
M
(
iCN − 1
2
χχ+ h.c.
)
+
F 2
M2
C2 . (67)
Eliminating the auxiliary fields D and N , we obtain
L = 1
2
(gM)2vµvµ − 1
2
(
g2M2 + 2
F 2
M2
)
C2 − 1
2
(
ψTMψψ + h.c.
)
, (68)
ψ ≡
(
λ
χ
)
Mψ ≡
(
0 gM
gM F
M
)
. (69)
Therefore the gauge multiplet contains a vector boson with mass gM , two Weyl fermion with
masses [
√
4g2M2 + (F/M)2±(F/M)]/2, and one real scalar with mass squared g2M2+2(F/M)2.
Notice that the supersymmetry-breaking VEV F spoils the usual superHiggs mass relation, but
preserves the condition of vanishing supertrace.
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Our result for the gauge-messenger contribution to gaugino masses, see eq. (64), can also be
extracted from the result of an explicit component calculation of the GUT threshold corrections
to gaugino masses [18]. For illustrative purposes, we want to rederive the same result from a
component calculation in a simple model. Let us consider an SU(2) gauge theory which is
broken, in the supersymmetric limit, to U(1) by the VEV of a triplet chiral superfield X i
(i = 1, 2, 3), along the direction 〈X1,2〉 = 0, 〈X3〉 6= 0. We include the effect of supersymmetry
breaking by introducing a superpotential interaction of X with an external source F
W = F
√
~X2 = F 〈X3〉
(
1 +
X+X−
〈X3〉2 + ...
)
. (70)
The interaction in eq. (70) describes a gauge-invariant implementation of the condition 〈FX3〉 =
F , 〈FX1,2〉 = 0. Since we are interested in the mass of the light U(1) gaugino (the “photino”) at
one loop, we just need to know the interaction Lagrangian for the charged fields. For this reason
we have expanded eq. (70) around the X VEV, and retained only the leading terms involving
X± = (X1 ± iX2)/
√
2. In the Feynman-’t Hooft gauge and working at the first order in F , the
scalar components of X+ and X− are mass degenerate and therefore there is no physical mixing
angle between the two states. On the other hand, the supersymmetry-breaking mass for the
fermionic components of X+ and X−, see eq. (70), flips X+ into X−. Thus, at the first order in
F (and in the Feynman-’t Hooft gauge), there is no contribution to the “photino” mass from
loops involving scalar and fermionic components of the “higgsinos” X±. All we need to do is
to compute a loop diagram with charged gauge bosons and gauginos. This gives a “photino
mass”
M˜ = −α
π
F
〈X3〉 . (71)
This result agrees with eq. (64). The high-energy SU(2) theory with the chiral triplet X has
b′ = 6 − 2 = 4, while b = 0 since there are no light charged chiral superfields. The two-loop
calculation of the supersymmetry-breaking scalar masses from gauge messengers is of course
much more involved.
We want to apply now our results to the scenarios proposed in ref. [16, 14]. This requires to
study the case in which 〈X〉 breaks the gauge group G×H → H ′, where H ′ is the same group
as H , but it is non-trivially embedded in G × H . The coupling constant α of the low-energy
gauge group H ′ is related to the coupling constants of the high-energy groups G and H by
α−1 = α−1G + α
−1
H . The case of an arbitrary mixing angle between gauge coupling constant is a
trivial generalization of the formulae we present below. We also assume that ordinary matter
is charged under H and H ′, but not under G.
The wave-function renormalizations for the gauge and matter superfields are, respectively
S(X, µ) = S(ΛUV ) +
bH + bG
32π2
ln
X
ΛUV
+
b
32π2
ln
µ
X
, (72)
ZQ(X,X
†, µ) = ZQ(ΛUV )
[
αH(ΛUV )
αH(X)
] 2c
bH
[
α(X)
α(µ)
] 2c
b
, (73)
α−1(µ) = α−1(X) +
b
4π
ln
µ2
XX†
, (74)
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α−1(X) = α−1G (ΛUV ) + α
−1
H (ΛUV ) +
(bH + bG)
4π
ln
XX†
Λ2UV
, (75)
α−1H (X) = α
−1
H (ΛUV ) +
bH
4π
ln
XX†
Λ2UV
. (76)
Here bG, bH , and b are the β-function coefficients of the high-energy groups G,H and the low-
energy group H ′, respectively. From the general equations (3), (13), and (15) we obtain the
expressions for the supersymmetry-breaking gaugino and scalar masses
M˜g(µ) =
α(µ)
4π
(b− bH − bG) F
M
, (77)
m˜2Q = 2c
α2(µ)
(4π)2
{[
b+ (R2 − 2)bH − 2bG
]
ξ2 +
(b− bH − bG)2
b
(1− ξ2)
} (
F
M
)2
. (78)
Ai(µ) =
2ci
b
α(µ)
4π
[(bR − bH − bG)ξ − (b− bH − bG)] F
M
, (79)
ξ ≡ α(M)
α(µ)
=
[
1− b
2π
α(µ) ln
M
µ
]−1
, (80)
R ≡ αH(M)
α(M)
= 1 +
αH(M)
αG(M)
. (81)
Gauge messengers give a new contribution to scalar masses at µ = M (ξ = 1) proportional
to −2bG, see eq. (78). For an asymptotically-free group G, these contributions are negative
and can destabilize squarks and sleptons. The RG evolution proportional to the gaugino mass
squared helps to restore positivity, but there are strong constraints on the group G, as we will
show below. It is also interesting to notice that the trilinear A terms are generated even without
running (ξ = 1), since R > 1, see eq. (79).
These formulae can now be directly applied to one of the examples discussed in ref. [14]:
the “SU(5)3 model”. We have to identify G with SU(5), H = H ′ with SU(3)× SU(2)×U(1),
b with the SM coefficients, and bH = b − 5, bG = 10. It is easy to see from eq. (78) that the
right-handed sleptons turn out to have negative squared masses. This disease could be cured
by adding matter charged under G in order to reduce bG, source of the negative contribution.
Making the group G less asymptotically free can be dangerous, since this can destabilize the
minimum of X along the flat direction found in ref. [14]. This is a general difficulty of models
with gauge messengers. Nevertheless, the other models presented in ref. [14] are viable, since
〈X〉 does not spontaneously break a gauge group which contains the SM.
Another example of a model with gauge messengers has been proposed by Murayama [16].
Although the Goldstino resides in a single field (Σ in the notation of ref. [16]), the model
has three different mass thresholds, because some fields (S and φ) acquire their masses from
Planck-suppressed higher-dimensional operators. The generalization of the previous equations
to this case is straightforward. Identifying H = H ′ with the SM group and G with SU(5), we
obtain the following expressions for gaugino and scalar masses:
M˜g(µ) =
α(µ)
4π
(4b− bφ − 2bS − bH − bG) F
M
, (82)
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m˜2Q = 2c
α2(µ)
(4π)2
[
R2bH
α2(MQ)
α2(µ)
− (bH + bG)
2
bS
α2(MQ)
α2(µ)
+
+
(
1
bS
− 1
bφ
)
(bH + bG + 2bS)
2α
2(MS)
α2(µ)
+
(
1
bφ
− 1
b
)
(bH + bG + 2bS + bφ)
2α
2(Mφ)
α2(µ)
+
+
1
b
(bH + bG + 2bS + bφ − 4b)2
] (
F
M
)2
, (83)
R ≡ αH(MQ)
α(MQ)
= 1 +
αH(MQ)
αG(MQ)
. (84)
The three mass thresholds are given byMQ = λv/
√
5,MS = (v/
√
5)3/M2P l,Mφ = (v/
√
5)4/M3P l,
where MP l is the reduced Planck mass, and v is the symmetry-breaking VEV lying somewhere
between 3 × 1014 GeV and the GUT scale. The β-function coefficients b are those of the SM,
and bφ = b− 2, bS = b− 5, bH = b− 9, bG = 6.
The coefficient (4b−bφ−2bS−bH−bG) of the gaugino mass, see eq. (82) is equal to 15. Had
we ignored the gauge messenger contribution, this would be equal to 25. The gauge messenger
effect is also important for the scalar masses, see eq. (83). We find that at least the right-handed
slepton has negative mass squared, unless v coincides with the GUT scale and αG is large (R
close to 1). Of course in this case one is sensitive to GUT physics, and one should investigate
specific unified models.
The model of ref. [16] is less problematic than the “SU(5) model” of ref. [14]. This is because
of the larger matter content and because the higher-dimensional couplings between messengers
and Goldstino superfield enhance the effective supersymmetry-breaking scale F/M . However a
complete study of the minimization conditions is still lacking. At any rate, even in the model
of ref. [16], right handed sleptons have negative squared masses, unless v becomes equal to the
GUT scale.
In conclusion, gauge messengers drastically change the usual mass relations obtained with
chiral messengers. However, in the models presented in the literature, the new contributions
to scalar mass squared from gauge messengers turn out to be negative and spoil the viability
of the models. It would be interesting to construct realistic theories with gauge messengers.
6 Conclusions
We have described a new simple method to derive the supersymmetry-breaking terms for the
observable sector mediated by renormalizable perturbative interactions. We are dealing with
theories in which the relevant mass scales are set by the VEV of the Goldstino chiral superfield
X , 〈X〉 = M + θ2F . Some fields, called the messengers, receive masses of order M from their
tree-level couplings to X . Assuming F ≪M2, we can use the non-renormalization theorems of
supersymmetry, and obtain theM functional dependence of the wave-function renormalizations
from the RG evolution through the thresholdM . Then we perform the appropriate replacement
ofM with the chiral superfield X , dictated either by holomorphy or by chiral reparametrization.
Finally, by replacing X with its VEV 〈X〉 =M + θ2F , we obtain all supersymmetry-breaking
effects, at the leading order in F/M2.
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Operatively, the method is extremely simple. The supersymmetry-breaking gaugino masses,
scalar masses, and coefficients of the A-type terms have the expressions, derived in sect. 2,
M˜g(µ) = −1
2
∂ lnS(X, µ)
∂ lnX
∣∣∣∣∣
X=M
F
M
, (85)
m˜2Q(µ) = −
∂2 lnZQ(X,X
†, µ)
∂ lnX ∂ lnX†
∣∣∣∣∣
X=M
FF †
MM †
, (86)
Ai(µ) =
∂ lnZQi(X,X
†, µ)
∂ lnX
∣∣∣∣∣
X=M
F
M
. (87)
The expressions for the gauge and chiral wave-function renormalizations S and ZQ are obtained
by integrating the well-known RG differential equations. There is no need to evaluate any
Feynman diagram. The method allows one to derive with no effort results which before required
laborious calculations. In particular, notice that the gauge-mediated two-loop sfermion masses
are obtained by integrating the one-loop RG equation.
We have applied our method to derive several new results of phenomenological interest. We
have computed the sub-leading O(αtα2s) corrections to the Higgs mass parameters in gauge-
mediated models, suppressed by a factor 1/ ln(M/m˜t) with respect to the known leading result.
This correction modifies by at most 30 % the value of the Higgs mixing mass µ2H extracted
from the electroweak symmetry-breaking condition.
We have computed the supersymmetry-breaking terms induced by superpotential couplings
between matter and messenger chiral superfields. These include A-type soft terms at one loop.
We have shown that an interaction of this kind involving a Higgs singlet N offers a new pos-
sibility for a solution to the µ problem in gauge-mediated theories. Indeed, the superpotential
coupling between messengers and N , generates a negative mass squared and trilinear couplings
for the scalar component of N , which can help to achieve the correct electroweak breaking.
Finally, we have investigated the possibility that the messengers belong to gauge super-
multiplets instead of chiral supermultiplets, and calculated the resulting soft terms. We have
shown that gauge messengers generate A-type trilinear terms at the messenger scale, and give
new contributions to scalar squared masses. We have also shown that some recently-proposed
models of dynamical supersymmetry breaking have contributions from gauge messengers which
drive negative slepton mass squared. The presence of negative contributions to sfermion masses
seems a generic problem of models with gauge messengers. Since these models are otherwise
compelling, we believe it is interesting to search for realistic examples.
Since two-loop β functions and anomalous dimensions in supersymmetric theories are know,
our method seems well suited for next-to-leading order calculations. However, we wish to warn
the reader that to extend our method beyond the leading order, one has to deal with some
subtleties related to the analytic continuation of the gauge wave-function [19].
We wish to thank A. Brignole, S. Dimopoulos, G. Dvali, R. Leigh, and M. Luty for useful
discussions.
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